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PREFACE

This interim technical report was submitted by the
University of Dayton Research Institute, Dayton, Ohio, under
Air Force Contract Number F33615-82-C-5039, "Quick Reaction
Evaluation of Materials". The work was initiatéd under Project
Number 2421-03-18, "Evaluation of Materials and'Pﬁocesses'

'and administered under direction of the System Support Division
of the Materials Laboratory, Air Force erght Aeronautlcal
Laboratories, Wright-Patterson Air Force Base, Ohio.

This effort was conducted during the periéd of March 1983
to August 1983. The author, Mr. John J. Ruschaﬁ; would like to
-extend spec1a1 recognition to Messrs. Richard Marton and John
Eblin of the University of Dayton for performing all mechanical
testing. ) o .

This report was submitted by the author in November 1983.
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SUMMARY

Constant amplitude fatigue crack growth rate data were
obtained from a single plate of aiuminum 6061-T651, Results
obtained indicate no differences between the L-T and T-L plate
orientations. Increasing the stress ratio from 0.1 to 0.5
increased the growth rates throughout the range of alternating
stress intensity. The increase in test temperatufe from room
temperature to 300°F (143°C) doubled the crack growth rates for
both plate orientations and stress ratios,

The data generated'in this report is in a format coﬁpatible
with data on similar alloys currently in the Air Force Damage

Tolerant Design Handbook.

vii
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SECTION I
INTRODUCTION

Aluminum 6061, perhaps the most versatile of all heat-
treatakle aluminum alloys, was developed for applications
involving moderate strength, good formability, weldability, and
corrosion resistance. Because of such a combination of desirable
properties, it is not surprising this alloy is used in both
civilian and military industries, where usages range from
recreational items to component parts on the most advanced
fighter aircraft,

Despite its wide usage, little or no published data exists
with regards to fatigue crack growth rate properties even though
there are usages that are the subject of durability or damage
tolerance analysis. It is because of the lack of such data that
this test program was conducted. In this effort constant
amplitude fatigue crack growth rate data were developed for
~luminum 6061-T651 plate under conditions of varying stress
ratio, temperature, and plate orientation. Data obtained
are presented in both the traditional form of a log-log plot
of crack growth rate (da/dN) versus stress intensity range (4K),
along with tabulated data of mean treﬁd da/dN, AK values,
obtained in the manner developed by the University of Dayton
Research Institute for the Revised Damage Tolerant Design

Handbook [1/2] (to be released in late 1983).

[1]Stumpff, P. L., et al., Fourth Semiannual Report on "Damage
Tolerant Design Handbook," Contract No. F33615-b0-C-5149,
December 1982.

[ZIPersonal communication with Dr. Peter Hovey of UDRI,
Septembar 1983.
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SECTION II
MATERIALS, SPECIMENS, AND PROCEDURES
A single, 1/2-inch (13 mm) thick plate of aluminum 6061~
TGSlvplate was provided for test. The chemical composition of i
the plate is furnished below, along with chemical composition
limits, as provided by the Aluminum Association. [3]

CHEMICAL COMPOSITION OF TEST PLATE OF 6061-T651 ' ' '
{(Wt. %) :

Silicon{ Iron | Copper | Manganese | Magnesium } Chromium| Titanium } Aluminum

0.6 0.42| 0.23 0.097 0.92 0.17 0.067 | Balance

CHEMICAL COMPOSITION LIMITS OF 6061%
(Wt. %)

| Silicon | Iron| Copper |Manganese | Magnesium| Chromium | Zinc] Titanium ]| Aluminum
0.4-0.8} 0.7 |0.15-0.4] 0.15 0.8-1.2 10.04-0.35] 0.25 0.15 Balance

*Composition in % maximum unless shown as a range.

The composition of the test plate is well within the
limits specified for 6061.

Tensilé specimens were removed from both the longitudinal
(L) and transverse (T) plate orientations and machined to the
configuration shown in Figure 1. Compact-type crack growth samples,
likewise removed from both the L-T and T-L plate directions, were ... .

machined to the dimensions shown in Figure 2. : . g<

Tensile testing was performed in a 10~KIP (45 kN) capacity
Instron test machine, equipped with a Conrad-Missimer environmental
chamber for the elevated temperature testing. An Instron l-inch
(25 mm) gage length extensometer was used on all tests to obtain
specimen strain. Procedures outlined in ASTM Standard E-8, "Ten-
sion Testing of Metallic Materials" were closely followed.

l3]"Aluminum Standard and Data 1979," The Aluminum Association,
Sixth Edition, March 1979. LA
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Figure 2.

Crack Growth Specimen Configuration.
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All fatigue crack growth rateﬁtesting was conducted in a
2.5 KIP (11 kN) capacity MTS hydraulic fatigue testing machine,
similarly eQuipped with a furnace for 300°F (149°C) testing.
A 30X Gaertner traveling microscope with digital readout was
employed for visual determination of crack length. Crack growth
rate data were obtained using guidelines set forth in ASTM
Standard E647, "Constant-Load-Amplitude Fatigue Crack Growth
Rates Aboﬁe 10-8 m/cycle." A seven-point incrementai polynomial

‘technique was used to reduce the raw test record to final form.

 Upon development of the final da/dN-AK récord, the data
were further analyzed to obtain a rean trend curve of crack growth
rate versus stress intensity range, using statistical routines
developed by UDRI for the revised Damage Tclerant Handbook.
Details,of'the analysis routines are thoroughly described in
the Appendix. From the individual mean trend curves for each
specimen/condition, selected da/dN-AK points were tabulated.
acain using the same methods and formats which will be used
in the Handhook.
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The average tersile test results (averege of three tests)
are presented in Table 1 Room temperature propertics are
consistent with similar r .crence data. 451 aAv 300°r (1492°¢Cy,

yvield strength diminished sli~titly (~10-15%), with the ultimate

strength essentially equal to yield strength.

"Q"', et .‘

oL . e : R
Dy Fatigue crack growth ratce curves developed for 6061-T651
. ',\-,\

LW Y . e .

NN plate are presented in tiqures 3 and 4 tor room tepmperature

1)

.conditions, and Figures 5 and 6 for the 300°F (149°C) test

»
»

o temperature. Data for the L-T plate dircction arc shown in
- Figures 3 and 5; the T-L orientation data arc furnished in

_: Figures 4 and 6. Each plot reflects the results of two

~i specimens per condition. Scatter between the two individual
Specimens.per condition is minimal, with thoe oxcoeption of the
room temperature, T-L oriented data at R=0.1 (Figure 4). Reasons
for the wide variations in crack growth bchavior at the lower

stress intensity ranges are unclcar.

[
Tabulated crack growth rate data, obtained from the mean
trend line for each figure, is also presented in Tables 2

through 5 for each set of fiqgures shown.

Results shown in both the figures and tables indrcate no
difference in crack growth rate with respect to plate ovienta-.
tidn at either temperature within the midranige of the 'K values.
At room temperature, the hialicr stress ratio (R=0.5) produced
growth rates typically 5 to 10 Limvﬁ areater than the ©001 i,
Relative to test temperature, the 300°F (149°C) environmeat
yielded crack agrowth rates roughly double those obtainod

room temperature.

I4]Military Standardization Handbook=50, "Motadlie thiterials ondd
Elements for Acrospace Vehicle Structuares,”™ Voloare i,

September 1976.

e
{’]Metals HHandbook, Volume 1, "Propertics and Seloction,
American Society tor Metals, Dighth tdicron,
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TABLE 1

AVERAGE* TENSILE PROPERTIES OF
ALUMINUM 6061-T651 PLATE
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. Plate - Témperature Yield Str.jUlt. Str. J§ Elong.. 1in 2 1in.
Orientation °F {°C) |KSI (Mpa)|KsI (MPa){ (51 mm) G.L.

.1

Longitudinal 70 (21) [42.0.(290)(44.6 (308)] 19
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Longitudinal| 300 (149) [36.2 (250)]36.2 (250) 24
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TABLE 2

TABULATED FATIGUE CRACK GROWTH RATE DATA
FOR ALUMINUM 6061-T651, L-T
ORIENTATION, 70°F

Reference: Figure 3

. .
CeT AN P LSS TR Y,

. ; v
R o . 0
el AR AR A R BB YV S

, -6 3 _
AK (KSIVIm) da/aN (10 inches/cycle)
. R=0.1 R=0.5
@rR=0.1] 8.73 0.416
AKmsim S .
™RT er=0.5| 5.07 0.505
4.0
5.0
6.0 0.743
7.0 2.21
8.0 4.56
9.0 0.508 7.19
10.0 1.17 9.34
13-0 10.6 19.8
16.0 22.2 ‘
20.0 42.7
"@R=0.1| 22.54 || 140.0 .
8Kmax®  @r=0.5| 13.67 28.0
12
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TABLE 3

TABULATED FATIGUE CRACK GROWTH RATE DATA

FOR ALUMINUM 6061-T651, T-L
ORIENTATION, 70°F.

Reference: Figure 4

0K (KSIVin)

~ da/dN (107% inches/cycle)

R=0.1

R=0.5

@R=0.1 6.81
Hmin® @R=0.5

5.06

0.404

0.361

4.0
5.0
6.0
7.0
8.0
9.0
10.0
13.0
16.0
20.0

0.429
0.648
1.06
1.80
7.91
25.7
- 74.9

1.07
2.39
4.41
7.34
11.5
40.4

20.74
13.21

86.3

44.1

13
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TABULATED FATIGUE CRACK GROWTH RATE DATA

FOR ALUMINUM 6061-T651, L-T
ORIENTATION, 300°F

Reference: 'Figure 5

-6.
AK (KSIVID) da/dN (10 1nchei/cycle)
R=0.1 R=0.5
@R=0.1 6.26 0.303
AKpin® : :
mint er=0.5 4.26 0.220
4.0
5.0 0.693
6.0 1.91
7.0 0.865 3.75
8.0 ©2.29 6.16
9.0 4.40 9.16
10.0 6.99 12.9
13.0 16.5
16.0 31.5
20.0 82.6
@R=0.1 22.47 169.0
A H
Fmax @R=0.5 11.37 19.8
14
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TABLE 5

TABULATED FATIGUE CRACK GROWTH RATE DATA.
FOR ALUMINUM 6061-T651, T-L
ORIENTATION, 300°F

Reference: Figure 6 '

_6 .
AK (KSIVIR) da/dN (10 v lnches/cyfle)
R=0.1 R=0.5
@R=0.1 6.19 0.390
AK i s
MR er=0.5 | 3.82 0.180
4.0 0.239
5.0 0.799
6.0 1.87
7.0 0.977 3.74
8.0 2.22 6.96
9.0 4.05 12.6
10.0 6.39 22.5
13.0 16.1
16.0 34.7
20.0 241.0
@r=0.1 | 20.31 297.0
AK :
max®  @r=0.5 | 11.60 57.5
15
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APPENDIX
MEAN TREND CURVE ANALYSIS
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APPENDIX
MEAN TREND CURVE ANALYSIS

The Damage Tolerant Design Data landbook will present
fatigue crack growth rate (FCGR) data, i.e., da/dN behavior in
both graphical and tabular formats. A graphical format will be
used to present da/dN versus AK data and the mean trend of these
data will be tabulated. This attachment describes the method
‘that will be used to generate the mean trend'tables; :

A least sguares cubic spline approximation which is essen-
tially an analytic method of fitting a "French" curve to a data
set, is the method selected to generate tables of da/dN values
at fixed LK values. The curve is constructed by fitting dif-
ferent cubic polynomials on non-overlapping, connecting sub-
intervals over the range of the indepcnient variable. 1In the
handbook, the independent variable will be AK. The boundary
points of the intervals are referred to as knots and the cubic
polynomials meet at the knots. The polynomials are also. con-
strained so that the first and second derivatives are continuous
at the knots. The result of this process is a smooth curve
which passes through the center of the data. Figure Al shows
an exaﬁple of a spline curve fit to a FCGR data set. The
knots are marked in the figure by the large dots.

In general, FCGR data are well enough behaved so that a
maximum of five knots should be cufficient in'generating the
handbook tables. The actual number of knots used in fitting a
curve to a set of data will be a function of the number of FCGR
. data points and their pattern in da/dN-AK space.

The mean trend table for a set of FCGR data will be
generated by selecting points from the spline curve that have been
fit to the data. The AK values will be chosen such that they are
approximately equally spaced in a logarithhic scale ahd-cover
the complete range of AK values expected. The da/dN values are
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Figure Al. Typical Crack Growth Data Set Showing Cubic
Polynomial Fit.
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obtained through the interpolation of the spline curve at the
preselected AK vaiues. The complete set of AK values are: 1.0,
1.3, 1.6, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0

as well as 10 times these values and 100 times these values up

to 200. Because i£ is expected that the da/dN data will .ot
always span the complete AK range, the table will also report the
minimum and maximum da/dN values corresponding to the recorded
minimum and maximum'AK'values; The extreme pairs.df points (AK,
da/dN) correspond to the extremes of the spline curve.
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